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A simpliﬁed mathematical model to predict transparent poly(vinyl chloride) (PVC)
degradation in photobioreactors under the incidence of sunlight is proposed. The model is
based on the widely accepted theory of photochemistry degradation, which states that HCl
is produced as an intermediate compound yielded in a propagation reaction, taking into
account the entire dehydrochlorination process. A system of ordinary differential equa-
tions for concentrations and energy with respect to time results from the application of the
principles of species and energy conservation, which is integrated explicitly and accurately
with low computational time. Previously published experimental data were used to vali-
date the numerical simulation results obtained with the model, with good quantitative and
qualitative agreement. The developed model is expected to be a useful tool for simulation,
design, and optimization of PVC for minimum photodegradation.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Photobioreactors are systems that offer better control
over microalgae cultivation conditions and growth
parameters than open ponds. Closed reactors are made of
glass or plastic to allow for outdoor sunlight exposure for
photosynthesis, allowing cost reduction of microalgae
production and, consequently, their products [1,2].
The materials used in the photobioreactor construction
must be nontoxic, show high transparency, high mechan-
ical strength and durability, chemical stability and low cost
[3]. Because of this, the most commonly used materials are
acrylic, polycarbonate, low-density polyethylene and
crystal PVC (poly(vinyl chloride)) [4]. PVC presents theação em Engenharia
ederal do Paraná, CP
61 6777; fax: þ55 41
. D’Aquino).
lsevier OA license.advantage of low cost, long-term stability and ﬂame resis-
tance in comparison to other commodity plastics, and its
mechanical properties may be controlled by varying the
amount of plasticizer [5].
The selection of any polymer for this application is
highly dependent on the maintenance of the optical and
mechanical properties after long periods of sun exposure.
In outdoor applications, polymers degrade because of
a combination of several environmental factors (especially
sunlight intensity, temperature and humidity), and the rate
of degradation varies according to the polymer structure
and formulation, and the production process [6]. PVC in
particular may contain structural defects caused by its
processing, resulting in the dehydrochlorination process,
whose reaction steps are depicted in Fig. 1. The defects in
the PVC molecules (e.g. long and short chain branches,
terminal and internal unsaturation, unusual end groups,
both initiator and emulsiﬁer residues) [7] make the mole-
cules absorb wavelengths in the UV region which cause its
photodegradation, resulting in a yellowness effect [8,9].
List of symbols
A pre-exponential factor, s1
[Cl] concentration of chlorine radical on PVC,
mol L1
E energy, J
[HCl] concentration of hydrochloric acid on PVC,
mol L1
Io incident sun light irradiation on PVC surface,
W m2
Is sun light irradiation not absorbed by PVC
surface, W m2
k1 reaction rate of PVC degradation, s1
k2 reaction rate of HCl production, L mol1 s1
ki inverse reaction rate of HCl production,
L mol1 s1
[ thickness of PVC ﬁlm sample, cm
n Hill coefﬁcient
[PVC] concentration of PVC, mol L1
[PVC] concentration of PVC radical, mol L1
[wCH2CH2w] concentration of degraded PVC, mol L1
R ideal gas constant, L atm K1 mol1
S half saturation constant of Hill equation, J
t time, s
T temperature, K
Y yield coefﬁcient of chemical energy to PVC
degradation, J mol1
Greek letters
a molar absorptivity, L mol1 cm1
DY0 PVC yellowing percent, %
Subscripts
a activation
CV control volume
light luminous
q chemical
qabs absorbed chemical energy
0 initial condition
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known, the effect on the polymer lifetime is still contro-
versial, especially when light is among the leading degra-
dation factors. Studies on natural and accelerated
degradation may be found in the literature [10–12] and
they usually try to understand the process by using tradi-
tional physical-chemical characterization techniques, such
as differential scanning calorimetry (DSC), spectroscopy,
thermal-mechanical analysis. Even though such techniques
are important tools to understand polymer behaviour
under different conditions, they demand a long time to
estimate polymer lifetime.
Mathematical modelling of the polymer aging process
may be an important tool, not only to predict lifetime of
a certain polymer, but also to understand the complex
processes and parameters that affect polymer degradation.
With respect to PVCdegradation, its zipdehydrochlorination
may be considered a complex process due to the production
of intermediate compounds thatextensivelyaffect themodel
parameters, whichmakes the lifetime prediction inaccurate.
Bystritskaya et al. [13] developed a theoretical model based
on a relationship between material properties and aging
conditions with some unknown parameters with regression
dependence. They obtained, in Arrhenius terms, a Bayesian
distribution in which it is possible to have a satisfactory
polymer lifetime prediction.
Other authors suggested the inclusion of the radical
effect in their models, since the produced radicals accel-
erate degradation [14,15]. In these references, a population
balance equation is derived to predict degradation of pol-
y(methyl methacrylate) (PMMA) and polyethylene,
producing interesting results but for non-isothermal data.
Sánchez-Jimenez et al. [16] proposed a model to predict
PVC degradation considering two distinct dehydrochlori-
nation processes involving nucleation, growth and diffu-
sion mechanisms. The model was developed based on the
Arrhenius law that describes the reaction rate in the solid
state. The obtained results satisfactorily captured thecorrelation between kinetics of the thermal dehydrochlo-
rination of PVC and its macromolecule structure, even
though they considered temperatures above 450 K, which
are not achievable under natural circumstances. These
authors included an additional factor in the reaction rate
calculation, f (a), which is obtained through algebraic
functions describing polymer degradation kinetics. Based
on this new mathematical formulation, various authors
inferred that the degradation rate is not constant [13,17],
especially in the PVC case, due to dehydrochlorination. For
instance, Celina et al. [17] used a non-Arrhenius behaviour
model to introduce changes in degradation rate due to sub-
reactions that occur during the process. Their model
proposed the utilization of two competing reactions with
individual temperature dependence.
Based on the literature review, mathematical models for
polymer aging prediction are still needed. Extending
transparent PVC lifetime for photobioreactor applications
may be associated with global environmental preservation
aspects. For instance, the biodiesel derived microalgae
cultivation photobioreactor shown in Fig. 2 is used for
sustainable energy production [2] and is built with trans-
parent PVC pipes. Therefore, the objective of this paper is to
introduce a novel mathematical model to predict poly(vinyl
chloride) degradation in photobioreactors under the inci-
dence of sunlight. The model considers that the radicals
produced during the initial PVC degradation will accumu-
late in the system until a sufﬁcient concentration of radicals
that is able to accelerate degradation is reached. In order to
represent the accumulation of HCl molecules, a cooperative
system was considered, as suggested by Singh et al. [18].
2. Mathematical model
2.1. Balance of chemical species
According to the reaction presented in Fig. 1, an ionic
mechanism equation was considered, as suggested by
Fig. 2. Actual photobioreactor supporting structure 2 m  5 m  8 m with
transparent PVC pipes, ﬁttings and gasser/degasser.
Fig. 1. Diagram of the simpliﬁed mechanism of the PVC dehydrochlorination
process.
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responsible for a transfer process that generates new
defects and leads to auto-acceleration, according to the
following reaction:
PVC/
k1
PVC þ Cl4k2
ki
wCH2CH2wþ 2HCl (1)
The rate of product generation related to each equation
depends on the reaction constants k1 and k2, the initial
luminous irradiation (I0) and the constant of reverse reac-
tion (ki) at a lower rate, once ki  k2. Based on species
conservation, the consumption of chemical species is esti-
mated according to the following equations:
d½HCl
dt
¼ k2$½PVC$½Cl  ki$½wCH2CH2w$½HCl (2)
d½wCH2CH2w
dt
¼ k2$½PVC$½Cl  ki$½wCH2CH2w$½HCl
(3)d½Cl
dt
¼ k1$½PVC  k2$½PVC$½Clþki$½wCH2CH2w$½HCl
(4)
d½PVC
dt
¼k1$½PVCk2$½PVC$½Clþki$½wCH2CH2w$½HCl
(5)
As shown in Eq. (1), the degradation of PVC results in HCl
generation. Therefore, it is possible to obtain a ﬁrst order
process with respect to the non-degraded polymer mass,
and the reaction constant, k1, as follows:
d½PVC
dt
¼ k1$½PVC (6)
The constant k1 is the degradation rate, which can be
obtained based on the Arrhenius extrapolation:
k1 ¼ A$exp

 Ea
R$T

(7)
where k1 is the reaction rate, A is the Arrhenius pre-
exponential factor, R is the ideal gas constant, Ea is the
activation energy and T is the process temperature.
However, Eq. (7) is insufﬁcient to portray the complex
reactions that occur during PVC degradation [17,20]. The
coefﬁcient k1 cannot capture the actual reaction produc-
tion, since it disregards the change in degradation rate that
takes place throughout the process [16,17]. Such changes
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dette [21]. In nature, the same proﬁle is observed in single-
substrate enzymatic reactions, in other words, the poly-
meric structures in biochemical systems [22]. A coopera-
tion mechanism is observed in such systems, where the
degradation rate is inﬂuenced by the intermediate com-
pounds and their effects on the system. An equation that
captures such behaviour in biochemical systems is the Hill
equation [23]. This equation introduces the chemical
energy theory, i.e. the energy content of each molecule,
which states that for all energy that enters a system, some
of it will be transmitted, some will be reﬂected and just the
amount supported by the bond will be absorbed.
In the case of PVC degradation, the cooperative process
occurs when light is absorbed by PVC as chemical energy in
different steps: a) in the region of low chemical energy, the
reaction occurs at low rate; b) as chemical energy accu-
mulates in the system (i.e. increasing concentration), the
reaction progresses at higher rates. Based on the observa-
tion of this phenomenon, this work proposes a model that
considers the accumulation of energy in chemical bonds as
chemical energy (Eq). Therefore, the degradation coefﬁcient
is now determined as follows:
k1 ¼ A exp

 Ea
R$T
 Enq
Sn þ Enq
(8)
where n is the Hill coefﬁcient and S is the half saturation
constant in the Hill equation. This equation is adequate for
representing the degradation kinetics since the chemical
energy dependence is written in terms of the absorbed
luminous energy and the speciﬁc material characteristics in
the energy balance of the system.
Finally, in order to assess PVC degradation over time,
and assuming the yellowing is caused by HCl, the PVC
yellowing percent in this model is deﬁned as follows:
DY0 ¼ ½HCl½PVC0
 100 (9)
2.2. Energy balance
Taking, for example, as a control volume, a thin ﬁlm
sample of the transparent PVC pipes shown in Fig. 2, the
sunlight energy enters the control volume and is divided
into chemical energy in the molecular bonds and luminous
energy, so that the total energy accumulation/dissipation
rate in the control volume may be written as:
dECV
dt
¼ dEq
dt
þ dElight
dt
y
dEq
dt
(10)
assuming that the luminous energy accumulation rate is
negligible in the presence of the chemical energy accu-
mulation rate in the molecular bonds.
The luminous irradiation that leaves the control volume
(Is) is given by the Lambert–Beer law as follows [23]:
Is¼ I0$ea$[$½PVC (11)
where a is the absorption coefﬁcient and [ the thickness of
the PVC sample. The Is dependence on thickness isconsidered important by several authors since different
effects are observed for wavelengths lower than 100 mm,
within 100 and 400 mm, and beyond 400 mm [24].
The control volume chemical energy balance therefore
states that:
dEq
dt
¼ _Eqabs  Y$k1$½PVC (12)
The energy balance considers that the absorbed chemical
energy in the control volume will be either consumed
during PVC degradation, which is dependent on the yield
coefﬁcient of chemical energy to PVC degradation (Y), or
will accumulate in the system. The absorbed chemical
energy by the control volume is the difference between the
sun irradiation that hits and leaves the PVC, calculated
using Eq. (11):
_Eqabs¼ I0  Is¼ I0$

1 ea$[$½PVC (13)
3. Numerical method
Eqs. (2)–(6) and (12) deﬁne a system of six ordinary
differential equations that was integrated numerically with
anadaptive timestep fourth-ﬁfthorderRunge-Kuttamethod
[25], together with Eqs. (8), (10), and (12), inwhich the local
truncation error was kept below a pre-speciﬁed tolerance
(106). The integration started from given initial conditions
([HCl], [wCH2CH2w], [Cl
], [PVC], [PVC], Eq)0 ¼ (0 mol L1,
0mol L1, 0mol L1, 0mol L1, 22.5mol L1, 0 J)0, until a pre-
speciﬁed 2000 h ﬁnal simulation time was achieved, which
corresponds to the standardvalueused to test PVC resistance
to light [26]. Theobjectivewas tomonitor theproductionand
consumption of chemical species involved in the reaction
shown in Fig. 1 and the variation of the chemical energy of
the system during PVC degradation.
4. Results and discussion
The parameters used in the mathematical model to
perform the simulations are listed in Table 1. The activation
energy, temperature and light irradiation values were
taken from Real and Gardette experiments [21,26], who
monitored polymer degradation by colorimetric determi-
nations. These authors analyzed PVC degradation focusing
on two different formulations containing a benzotriazole
anti-UV additive: PVC1 (with a thermal stabilizer based on
Ca/Zn) and PVC3 (with a thermal stabilizer based on Sn).
Both PVC samples will be analysed here. In order to express
the data in terms of PVC yellowing percent (DY0), the yel-
lowness dependence on HCl emission kinetics has been
established as recommended by Krongauz et al. [27], which
resulted in the formulation proposed in Eq. (9).
A sigmoidal proﬁle is observed in the consumption/
production of all chemical species in the medium in all
computational simulations performed with the model, as
shown in Figs. 3–6. Fig. 3 shows the evolution of [HCl] with
respect to time for the entire duration of the 2000 h resis-
tance to light test for the PVC1 sample. The model was able
to capture the initial delay in the degradation process, the
subsequent increase in degradation rate and the ﬁnal
Table 1
Parameters used in the simulations.
Sample Parameter Value
PVC1 and PVC3 Y (kJ mol1) 100
R (kJ mol1 K1) 8.314
T (K) 325
[ (cm) 0.015
a (L mol1 cm1) 320
I0 (W m2) 550
PVC1 Ea (kJ mol1) 157.125
k2 (L mol1 s1) 50
ki (L mol1 s1) 60
S (J) 15,000
n 1.2
PVC3 Ea (kJ mol1) 102.655
k2 (L mol1 s1) 50
ki (L mol1 s1) 160
S (J) 80,000
n 3
Fig. 4. Variation of [HCl] with respect to time obtained in the computational
simulation of the degradation of sample PVC3.
Fig. 5. Variation of [PVC1] with respect to time obtained in the computa-
tional simulation of the degradation of sample PVC1.
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consistent with the physical phenomenon. Similarly, Fig. 4
displays the [HCl] simulation results for the PVC3 sample.
Direct comparison between Figs. 3 and 4 shows that the
PVC1 sample upon stabilization reaches a signiﬁcantly
higher level of degradation than the PVC3 sample
([HCl]PVC1 w 10.5 mol L1 and [HCl]PVC3 w 8 mol L1),
roughly 30% higher.
Figs. 5 and 6 depict the [PVC1] and [PVC3] with respect
to time for the entire simulation period, respectively. It is
observed that, although both samples show that [PVC/ 0]
at the end of the simulation time, [PVC1] starts to drop
earlier than [PVC3]. Therefore, the combined observation of
Figs. 3–6 indicates that the PVC3 sample (containing Sn
stabilizer) is expected to show better performance with
respect to degradation than PVC1 (containing Ca/Zn stabi-
lizer). The results of Krongauz et al. [27] showed a similar
proﬁle for PVC degradation (at 350 nm during 400 h under
high temperature). In their results, HCl liberation starts at
approximately 60 h after light exposure for PVC1 and at
145 h for PVC3, both presenting an autocatalytic proﬁle
after this period. Low initial HCl formationwas observed by
Krongauz et al. [27], which later increased (after 100 h) up
to a point at which stabilization between the coefﬁcients of
the second reaction, i.e. k2 and ki, occurs [28].Fig. 3. Variation of [HCl] with respect to time obtained in the computational
simulation of the degradation of sample PVC1.The simulation exercise depicted in Figs. 3–6 illustrates
one of the possible applications of a PVC aging mathe-
matical model to assess PVC performance without resort-
ing to costly experimental procedures. However,
a mathematical model demands experimental validation,
at least for a few cases, so that the model results could be
reliably extrapolated to similar conﬁgurations. The experi-
mental validation of the mathematical model proposed
was carried out based on available published experimental
data for PVC1 and PVC3 samples [21,26].
For the experimental data [21,26] shown in Figs. 7 and 8,
there was an initial whiteness of the samples, resulting
from the photo-oxidation of the conjugated double bondsFig. 6. Variation of [PVC3] with respect to time obtained in the computa-
tional simulation of the degradation of sample PVC3.
Fig. 7. The comparison of DY0 with respect to time obtained in the
computational simulation of the degradation of sample PVC1 against
experimental data [21,26].
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radical produced in the reaction shown in Fig. 1 is
extremely unstable, and a series of electron-transfer reac-
tions promote the elimination of free Cl. Because of this,
an initial energy accumulation occurs, affecting the
photochemical process and leading to colour changes
[26,28,29]. The degradation process starts accelerating
when the absorbed energy is sufﬁcient to break double
bonds and, after this, the chemical energy remains constant
[28]. Real and Gardette [21] also showed the increase in
absorption resulting from photo-oxidation of the conju-
gated double bonds formed during processing of the adi-
tivated polymer. Jakubowicz [28] reported colour change
differences under artiﬁcial weathering at 35 C, which also
qualitatively agrees with the numerical results obtained in
this work.
The experimental validation of the numerical results is
carried out in terms of PVC yellowing percent (DY0), as
shown in Figs. 7 and 8. The experimental data [21,26]
shows an initial whitening effect which is not captured
by the model. The reason is that the experiments directly
measured absorbance, not [HCl], and compared it with
absorbance standards of non-exposed PVC. Since absor-
bance decreases when the additives are exposed to light,
the absorbance readings show negative values. On theFig. 8. The comparison of DY0 with respect to time obtained in the
computational simulation of the degradation of sample PVC3 against
experimental data [21,26].other hand, in the model introduced in this paper, the
values calculated with Eq. (9) cannot be negative, therefore
the initial “whitening” effect cannot be captured, which is
undoubtedly a limitation of the current model, but only in
the initial degradation region. This could be solved in
a future model improvement. Nevertheless, as the simula-
tion proceeds in time, the numerical results start showing
good quantitative and qualitative agreement with the
experimental data for both samples, PVC1 and PVC3 (see
Figs. 7 and 8, respectively).
Shi et al. [30] investigated the photodegradation of PVC
samples with distinct degree of polymerization with
respect to viscosity and molecular weight difference. Their
results corroborate the ﬁndings of this work, since they also
show sigmoid-shaped curves for all types of PVC.
5. Conclusions
In this paper, a simpliﬁed mathematical model to
predict degradation of transparent poly(vinyl chloride)
(PVC) in photobioreactors under a particular condition of
light incidencewas introduced. Themodel incorporates the
concept of cooperative reactions and uses the Hill equation
to model the behaviour of the reaction rate of PVC degra-
dation, k1. The currently available models are frequently
based on thermal degradation, especially under high
temperatures. However, under the usual natural conditions
of exposure, such models will not be fully capable of pre-
dicting polymer lifetime.
Previously published experimental data were used to
validate the numerical simulation results obtained with the
model, with good quantitative and qualitative agreement. A
simulation exercise was conducted to demonstrate
a possible scenario for assessment of PVC performance and
lifetimewith results reliability granted by the experimental
validation procedure. The main conclusion is that PVC
aging (or degradation) is well correlated by sigmoidal
proﬁles allowing for realistic polymer lifetime predictions.
As a result, the model is expected to be a useful tool for
simulation, design and investigation of properties, and
also for parameter optimization of PVC for minimum
photodegradation.Acknowledgements
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